The electronic properties of molecular junctions of the general type carbon/molecule/TiO 2 / Au were examined as examples of "molecular heterojunctions" consisting of a molecular monolayer and a semiconducting oxide. Junctions containing fluorene bonded to pyrolyzed photoresist film ͑PPF͒ were compared to those containing Al 2 O 3 instead of fluorene, and those with only the TiO 2 layer. The responses to voltage sweep and pulse stimulation were strongly dependent on junction composition and temperature. A transient current response lasting a few milliseconds results from injection and trapping of electrons in the TiO 2 layer, and occurred in all three junction types studied. Conduction in PPF/ TiO 2 / Au junctions is consistent with space charge limited conduction at low voltage, then a sharp increase in current once the space charge fills all the traps. With fluorene present, there is a slower, persistent change in junction conductance which may be removed by a reverse polarity pulse. This "memory" effect is attributed to a redox process in the TiO 2 which generates Ti III and/or Ti II , which have much higher conductance than TiO 2 due to the presence of conduction band electrons. The redox process amounts to "dynamic doping" of the TiO 2 layer by the imposed electric field. The memory effect arises from a combination of the properties of the molecular and oxide layers, and is a special property of the molecular heterojunction configuration.
INTRODUCTION
Electron transport ͑ET͒ through molecules in molecular junctions is fundamental to the area of molecular electronics, and understanding the relationship between molecular structure and transport is a prerequisite to the eventual design of molecular circuit components. 1, 2 The factors which determine ET through molecules oriented between metallic contacts has been investigated in single molecule devices based on scanning probe microscopy, 3, 4 as well as molecular junctions containing 10 3 -10 12 molecules in parallel. 5 It is clear from the results reported to date that ET depends on molecular structure as well as the nature of the "contacts" between the molecules and the conductors. 6, 7 Several reviews on molecular junctions and molecular rectification have appeared, and research on ET mechanisms in such devices remains active. 2, 4, 8, 9 Several laboratories have investigated "hybrid" devices involving the interface between a molecule and a conventional semiconductor such as silicon, gallium arsenide, or TiO 2 . 10 Research areas as diverse as dye sensitized solar cells and molecularly modified quantum dots also involve a combination of molecular and semiconductor properties. 11, 12 Our laboratory has investigated carbon/molecular/TiO 2 /Au junctions in some detail, and compared them to similar junctions lacking the TiO 2 layer. 6, 8, [13] [14] [15] [16] [17] [18] By combining a molecular and semiconductor layer in the junction, one can in principle exploit the distinct electronic properties of each material in a "molecular heterojunction." For example, robust negative differential resistance has been observed in polyphenylene vinylene/TiO 2 heterojunctions, 19 with the phenomenon being attributed to alignment of energy levels between the polyphenylene vinylene and TiO 2 . We have described carbon/nitroazobenzene ͑NAB͒ / TiO 2 / Au junctions in which electrons are transferred between the NAB and TiO 2 to produce rectification and conductance switching. 8, 13, 14, 16 During both the spectroscopic and electronic characterizations of carbon/NAB/ TiO 2 / Au junctions, both transient and persistent conductance changes were observed, whose origin was not completely clear. 13, 18 Potential pulses applied to such junctions produced a transient current lasting a few milliseconds, followed in some cases by a slow ͑10-100 ms͒ conductance increase which persisted for several minutes. This "memory" effect may have technological value as well as mechanistic consequences, and deserved further study. Although Raman spectroscopy established that NAB is reversibly reduced and oxidized in NAB/ TiO 2 junctions only ϳ8 nm thick, 14, 16 the fate of the TiO 2 accompanying NAB redox events was not amenable to Raman monitoring, and was not determined directly. It is clear from these investigations that electron injection into the TiO 2 film is directly a͒ Present address: Department of Chemistry, University of Alberta, Alberta T6G, 2G2, Canada. involved in the electronic behavior of the junction, but the events accompanying injection are not yet evident, including their relationship to observed changes in junction conductance.
The current investigation was undertaken to more clearly define the conductance changes which occur when carbon/ molecule/TiO 2 / Au heterojunctions are subjected to an applied electric field. Fluorene ͑FL͒ junctions were investigated rather than the previously studied NAB devices 14, 16 in order to simplify the problem by reducing the possibility of redox reactions in the molecular layer. Carbon/FL/ TiO 2 / Au junctions were compared to carbon/TiO 2 / Au analogs to determine the influence of the FL layer on electronic behavior. In addition, a carbon/Al 2 O 3 / TiO 2 / Au junction was investigated as an analog with a high-barrier insulator in place of the FL layer.
EXPERIMENTAL
All junctions were of the "crossed junction" type which has been described in detail previously. 13, 14, 20 In all cases the junctions were formed at the intersection of a 1 mm wide strip of pyrolyzed photoresist film ͑PPF͒ and a 0.5 mm strip of Au and TiO 2 oriented perpendicular to the PPF to yield a junction area of 0.005 cm 2 . PPF is structurally similar to glassy carbon, with Ͻ0.5 nm surface roughness and a resistivity of 0.006 ⍀ cm. 21 The TiO 2 was deposited from rutile with an electron beam evaporator at a rate of 0.03 nm/ s. After initial pump down to ϳ4 ϫ 10 −6 torr, the e-beam chamber was backfilled with ultrahigh purity O 2 to ϳ1 ϫ 10 −5 torr during TiO 2 deposition. A residual gas analyzer ͑Stanford Research Systems RGA/200͒ determined the water and O 2 partial pressures to be typically 2.8ϫ 10 −6 and 8 ϫ 10 −6 torr, respectively, before TiO 2 deposition, increasing to 1.3ϫ 10 −5 and 2.0ϫ 10 −5 torr during deposition. The thickness of the TiO 2 layer was determined by an atomic force microscopy ͑AFM͒ line profile of the pattern formed by TiO 2 deposition through a fine wire mesh to be 5.2± 0.25 nm. Au was deposited through the same shadow mask as the TiO 2 at 0.1 nm/ s and a backpressure of 4 ϫ 10 −6 torr for a thickness of ϳ12 nm, determined with a quartz crystal microbalance. X-ray photoelectron spectroscopy of the TiO 2 showed only Ti IV , with no observable Ti II or Ti III . The fluorene layer was deposited on PPF from its diazonium ion precursor using conditions which yielded a monolayer with a thickness of 1.7 nm, as determined by AFM "scratching." 20, 22 Junctions will be designated according to their composition as follows: PPF/ FL/ TiO 2 /Au or PPF/ Al 2 O 3 / TiO 2 / Au. In all cases the thicknesses of various layers were as follows: PPF, 1 -2 m; FL, 1.7 nm; TiO 2 , 5.2 nm; Al 2 O 3 , 3 nm; and Au, 12 nm.
Electronic characterization was performed with the "four-wire" configuration shown in Fig. 1 . The actual bias across the junction was measured differentially by a LAB-VIEW data acquisition board, in order to correct for Ohmic voltage losses in the PPF and Au leads. The operational amplifier was useful for active compensation of PPF resistance, which was important for obtaining accurate voltage pulses. The current amplifier was a Stanford Research Systems model 570, with a bandwidth of 1 MHz. For the experiments involving low temperature the sample was positioned on a LN 2 cooled copper stage heated by a cartridge heater controlled by a thermocouple positioned next to the sample. The J / V curves obtained as a function of temperature were acquired with a "three-wire" configuration, with the "sense" input the ADC0 being grounded, due to differences in the apparatus. In all figures, the voltage is plotted as PPF relative to Au, and the current as A / cm 2 for the 0.005 cm 2 junction area. Each sample had 8-12 junctions and approximately 1 out of 20 junctions was rejected due to anomalously high current density. For eight different PPF/ FL/ TiO 2 /Au samples, the reproducibility of the accepted junctions was evaluated by determining the mean voltage at which the current density crossed 0.016 A / cm 2 , along with the standard deviation of this voltage. For positive bias, the mean voltage was 2.19± 0.16 V, and for negative bias, it was 1.76± 0.20 V. All electronic characterization was carried out in ambient air. Junction resistance increased slowly following e-beam deposition, but stabilized in ϳ1 week in ambient air, so junctions used for electronic characterization were between 1 and 4 weeks old. Completed junctions were sensitive to high humidity, but were stable when stored in a desiccator.
RESULTS
In all cases, the junctions investigated with current/ voltage scans and pulse experiments were of three types which were prepared identically except for the "molecular" layer: PPF/ TiO 2 / Au, PPF/ FL/ TiO 2 / Au, and PPF/ Al 2 O 3 / TiO 2 / Au. These cases were chosen to represent ͑1͒ a semiconducting oxide ͑TiO 2 ͒ alone, ͑2͒ a fluorene monolayer added to the TiO 2 layer, and ͑3͒ a high barrier oxide ͑Al 2 O 3 ͒ substituted for the fluorene monolayer. range of ±3 V. Beyond 3 V at either polarity the junction broke down, even at 10 4 V / s, to yield a sudden, irreversible increase in current. A J / V response for a PPF/ FL/ Cu/ Au junction containing 30 nm of Cu but no TiO 2 is included in Fig. 2͑A͒ to show that the TiO 2 greatly attenuates the observed current. 20 At slower scan rates the current increased significantly for ͉V͉ Ͼ 2 V, and showed substantial hysteresis ͓apparent in the expanded scales in Figs. 2͑B͒ and 2͑C͔͒. When the fluorene layer was absent ͓Fig. 3͑D͔͒ the scan rate dependence and the hysteresis were substantially less pronounced. As reported previously, 14 the fluorene junctions show minimal rectification, much weaker than that observed with a reducible molecule substituted for fluorene. 13, 14 Current density/voltage ͑J / V͒ curves obtained at a relatively slow scan rate of 10 V / s are shown in Fig. 3͑A͒ for the three junction types. The Al 2 O 3 / TiO 2 junction behaved as an insulator with a maximum current density Ͻ0.005 A / cm 2 over the range ±4 V. The TiO 2 junction had low conductance for the range of −1.5Ͻ V Ͻ 1.5 with a sharp increase in current for ͉V͉ Ͼ 2 V. The FL/ TiO 2 junction exhibits similar behavior, but with a higher ͉V͉ required for significant current density, and both the TiO 2 and FL/ TiO 2 junctions exhibit hysteresis. For fast scans at 1000 V / s, the results for FL/ TiO 2 and TiO 2 junctions were qualitatively similar to the 10 V / s scans, but with less hysteresis and a higher voltage where significant current densities were observed. The Al 2 O 3 / TiO 2 junction showed very different J / V behaviors at 1000 V / s than at 10 V / s, with a peak observed during the negative scan at approximately −3 V. The variation of J / V response with scan rate indicates a dynamic system, with the conductance changing during voltage scans to yield hysteresis. For example, during the positive scan at 10 V / s for the FL/ TiO 2 case shown in Fig. 3͑A͒ , the current increases at ϳ2.4 V, then is larger during the negative going scan after reversal at +2.5 V than it was on the initial positive scan. This behavior is quite different from that observed for the analogous PPF/FL/Cu junction, in which the current is much larger ͑ϳ5 A/cm 2 at 0.5 V͒, exhibits minimal hysteresis, and is invariant with scan rate or direction except for a capacitive component at high scan rates. 20 Additional evidence for structural dynamics is provided by the temperature dependence shown in Fig. 4 . FL/ TiO 2 and TiO 2 junctions showed qualitatively similar changes with temperature, shown in Fig. 4͑A͒ for the case of PPF/ TiO 2 / Au. For both junction types, the current decreases significantly at low temperature. At −135°C the J / V curves are essentially identical for 10 and 1000 V / s ͓Fig. 4͑B͔͒, with the only difference being a small capacitive current component at high scan rate. The capacitance calculated from the current at V = 0 and the scan rate decreased at lower 
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Electronic characteristics of fluorene/TiO 2 molecular heterojunctions J. Chem. Phys. 126, 024704 ͑2007͒ temperature and higher scan rate, indicating a pronounced frequency dependence. Note that relatively large current densities are observed ͑Ͼ0.2 A / cm 2 ͒ even at −135°C, albeit at higher bias than required at 25°C. In addition, hysteresis is nearly absent at −135°C, but increases at higher temperatures. Figure 4͑C͒ shows an overlay of TiO 2 and FL/ TiO 2 junctions at low temperature, where the response is scan rate independent and the junctions appear to be structurally static. The fact that the J / V curves vary significantly with scan rate at room temperature but are independent of scan rate at −135°C implies that whatever structural changes are responsible for the scan rate variation are "frozen out" at the lower temperatures. Figure 4͑D͒ is a plot of ln͑J͒ vs ln͑V͒ for both junctions at room temperature and low temperature, as indicated. As noted in the Discussion section, the slopes of such plots provide clues about the conduction mechanism.
The pronounced scan rate dependence of FL/ TiO 2 junctions apparent in Figs. 2͑B͒ and 2͑C͒ implies that the application of a voltage step to a fixed potential of 2 -3 V should result in a current response which increases with time. Figure  5͑A͒ shows the response to 100 ms pulses to ±2 -3 V then back to V = 0. After an initial current spike lasting of ϳ0.3 ms, the current density increases with time for ͉V͉ Ͼ 2 V. We reported previously the relatively slow increase in current for nitroazobenzene/TiO 2 junctions, and attributed them to redox reactions within the junction. 13, 16, 18, 23 As shown in Fig. 5͑B͒ with faster time resolution, the initial current spike scales approximately with applied voltage. Although the slow response depends strongly on the composition of the junction ͓Fig. 5͑C͔͒, the fast transient does not vary greatly when FL or Al 2 O 3 are present adjacent to the TiO 2 layer. For the moment, we focus on the fast transient current lasting Ͻ300 s. This transient is more easily observed as the "backstep," when the bias is returned to zero at the end of the forward voltage pulse. Since V = 0 at this point, there is no DC current through the junction and only the fast transient is observed. Overlays of three backstep transients following 5 ms forward pulses to +2 V are shown for the three junction types in Fig. 6͑A͒ , showing only the weak dependence on composition as long as TiO 2 was present. The magnitude of the backstep was independent of whether the slow "rise" in current was observed during the forward voltage pulse. Figure 5͑B͒ shows the integrated area of the backstep for a FL/ TiO 2 junction as a function of both voltage and forward pulse duration. Once the pulse exceeds a few milliseconds, the backstep charge is constant with pulse time, but increases with forward pulse voltage. Table I compares backstep charge for the three junction types for 100 ms pulses with several pulse amplitudes. As expected from Fig. 5͑C͒ , the backstep charge is weakly dependent on composition, varying by a factor of ϳ2 for Al 2 O 3 / TiO 2 , FL/ TiO 2 , and TiO 2 junctions following +2 V pulses. In addition, the forward and backstep areas are approximately equal, although the forward area was often difficult to measure due to the rise of dc during the pulse. The magnitudes of the backstep charge vary from ϳ5 to ϳ 18 C/cm 2 for 1 -3 V pulses, with 10 C/cm 2 corresponding to 1 ϫ 10 −10 moles/ cm 2 , or a density of ϳ10
19 e − /cm 3 in a 5 nm thick TiO 2 layer. It is reasonable to suppose that the "fast" current transient is simply charging current for the parallel plate capacitor comprised of PPF and Au with a single or double dielectric layer between them. However, the decay is not the expected exponential for an RC response, with ln ͑J͒ vs t very nonlinear ͓Fig. 6͑C͔͒. The RC time constant for the junction area employed is Ͻ10 s, much faster than the observed decay. Furthermore, plots of 1 / J vs t are linear ͓Fig. 8͔, indicating a mechanism quite different from conventional RC charging.
Insights into the mechanisms underlying the slow ͑1 -100 ms͒ and fast ͑Ͻ0.1 ms͒ transients are provided by their temperature dependence. Figure 7͑A͒ shows that the increase in current which occurs over a 1 -100 ms time scale is strongly temperature dependent for the FL/ TiO 2 junctions. Once the temperature is decreased to below −60°C, the "slow" increase is absent. However, the fast transient is nearly independent of temperature, as shown for the backstep in Fig. 7͑B͒ . The TiO 2 junctions also showed strong dependence of the slow pulse current on T, but the Al 2 O 3 / TiO 2 junctions had a low pulse current at all T. As shown in Fig.  7͑C͒ , the fast transient of the TiO 2 junction was weakly dependent on temperature, for both the forward and backsteps of a +1 V pulse. We attribute the fast transient to space charge capacitance associated with injection of electrons in TiO 2 , as will be discussed in more detail below. After the parallel plate is charged in the first several microseconds after a positive change in bias, the space charge builds up for Pulse response obscured by large dc.
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a few milliseconds. When the bias is returned to zero for the backstep, this space charge is dissipated over a similar approximately millisecond time scale. The result is the symmetric fast transients apparent in Figs. 5͑B͒ and 9.
Turning our attention to the slow 1 -100 ms pulse response, Fig. 10 shows the persistent changes in junction behavior following a 100 ms, +3 V pulse. The initial scan of a FL/ TiO 2 junction at 1000 V / s ͑±2.5 V͒ shows low current density, consistent with Fig. 2 . After a +3 V pulse lasting 100 ms, the conductance over the same voltage range increases dramatically, then fades slowly during repeated scans ͓Fig. 8͑C͔͒. The conductance at V = −2.5 is still elevated by a factor of ϳ5 over its initial value of 28 min after the +3 V pulse. However, an "erase" pulse of −3 V for 100 ms immediately returns the conductance to close to its initial value ͓Fig. 8͑B͔͒. The cycle of "set" ͑+3 V͒ and erase ͑−3 V͒ pulses may be repeated hundreds of times, with little change in the observed J / V curves for the set and erased states. If the duration of the +3 V set pulse is shorter, the conductance change is decreased. For a 100 ms set pulse, the conductance increases by a factor of 67 at +1.9 V, but for 11 and 1 ms pulses, this factor is reduced to 4 and 2, respectively. Therefore, the magnitude of the conductance change correlates with the slow rise in current apparent in Figs. 5͑A͒ and 7͑A͒, in terms of approximate time scale.
As shown in Fig. 9͑A͒ , this "memory" effect is nearly absent for the TiO 2 junction lacking fluorene. Small changes in conductance followed a +3 V or −3 V pulse, and these decayed quickly in Ͻ1 min. For the Al 2 O 3 / TiO 2 junction ͓Fig. 9͑B͔͒, the insulating Al 2 O 3 reduced the currents to 
FIG.
8. Memory effect for PPF/ FL/ TiO 2 / Au junction at room temperature. 1000 V / s scans were acquired before and after 100 ms pulses to the indicated voltages. ͑B͒ is a magnified version of ͑A͒, and the −3 V pulse occurred at ϳ2 s after the +3 V pulse. ͑C͒ Repeated 1000 V / s scans obtained at the indicated times ͑in minutes͒ after a 100 ms, +3 V pulse. Junction was held at V = 0 between scans.
much smaller values and persistent changes in conductance were not observed in response to set and erase pulses. However, a nonrepeatable transient current was observed on the first negative 1000 V/scan after a set pulse. The area under this peak response was approximately 8.0ϫ 10 −5 C/cm −5 or 8.3ϫ 10 −10 moles/ cm 2 .
DISCUSSION
Given the relatively complex structure of a PPF/ FL/ TiO 2 / Au heterojunction, with at least three interfaces, a nanocrystalline TiO 2 layer, and a molecular monolayer to consider, there are many possible ET mechanisms which might determine the observed electronic behavior. As noted previously, Raman spectroscopy provided direct evidence for activated structural plasticity in NAB/ TiO 2 and NAB/ Al 2 O 3 junctions under the influence of an applied bias. 14, 16 In addition to structural changes, possible Schottky barriers, tunneling, traps, and redox activity could all contribute to the observed J / V response and ET mechanism͑s͒. Several of these phenomena are illustrated in the energy level diagrams of Fig. 10 for the unbiased junctions. The levels are approximate, but are based on known values of the TiO 2 band gap ͑3.1 eV͒, the approximately equal work functions for Au and PPF ͑ϳ5 eV͒, and the highest occupied molecular orbitallowest unoccupied molecular orbital gap for fluorene ͑ϳ5 eV͒. When the isolated phases shown in Fig. 10͑A͒ are combined in a junction, some charge transfer is expected from the TiO 2 to the PPF and Au, generating Schottky barriers at each interface in a PPF/ TiO 2 / Au junction ͓Fig. 10͑B͔͒ and possibly band bending in the TiO 2 . If traps are present in the TiO 2 , they may depopulate and lower the contact barrier ͓Fig. 10͑C͔͒. Up to this point, the junction is electrically nearly symmetric, due to the similar work functions of PPF and Au. In a FL/ TiO 2 junction, the tunneling barrier generated by the fluorene layer makes the junction asymmetric, and the extent of charge transfer at the two interfaces is likely different. The result is a built-in field across the fluorene layer, as shown in Fig. 10͑D͒ . While a comprehensive description of all ET mechanisms operative in the current junctions would require significantly more data than currently in hand, the results do permit conclusions about three regimes of the J / V response, which will be considered in turn. First, the low voltage region between −1 and +1 V exhibits low conductance at any temperature and scan rate studied. Second, a fast response over a few millisecond time scale occurs for voltage magnitudes exceeding ϳ1.5 V, and is weakly temperature dependent. Third, a slower and persistent change in conductance follows relatively long pulses ͑Ͼ1 ms͒ and is strongly temperature dependent. Throughout the discussion of these three regions, it is important to consider the effect of adding the 24 yields a predicted low voltage resistance of Ͼ10 12 ⍀ cm 2 for a 6.8 nm thick junction and unreasonably low barrier height of 0.5 eV. Furthermore, coherent tunneling would be neither scan rate nor temperature dependent. Therefore, the low voltage J / V behavior for the V = ± 1 V range cannot be explained by conventional tunneling, and other phenomena must be involved. Furthermore, a proposed mechanism must also account for the variation of both low voltage resistance and capacitance with scan rate and temperature.
The anomalous behavior of the capacitance with scan rate and temperature and the transient response to voltage pulses ͓Figs. 6͑C͒ and 6͑D͔͒ are inconsistent with a conventional parallel plate capacitor. It is apparent from Table I that the "backstep charge" stored in the junction during the voltage pulse is not greatly affected by the presence of the fluorene or Al 2 O 3 layers, and is independent of whether the junction exhibits dc conduction. These observations are consistent with a conductance mechanism operative in semiconductors and insulators, i.e., space charge limited conduction ͑SCLC͒. [25] [26] [27] As the bias increases, electrons are injected into the TiO 2 to form a space charge, with electrons located both in the TiO 2 interior and at the conductor/TiO 2 interfaces. In the simplest case of a perfect crystal, this space charge provides carriers in the conduction band, and the current density follows Child's law,
where is the mobility ͑cm 2 V −1 s −1 ͒, is the permittivity ͑F cm −2 ͒, and d is the junction thickness ͑cm͒.
Considering the case of PPF/ TiO 2 / Au initially, the flat J / V curve below ͉V͉ = 1.5 V implies that few electrons are injected into the TiO 2 , presumably because the potential is insufficient to overcome the contact barriers at the PPF/ TiO 2 and Au/ TiO 2 interfaces. Figure 11͑A͒ shows a modification of Fig. 10͑C͒ for the case of an applied bias. As the bias magnitude is increased beyond 1.5 V, the contact barrier becomes small enough that electron injection builds up a space charge in the form of conduction band electrons, hence more mobile charge carriers are available, and the current increases. However, the increase in current with bias is much faster than predicted by the V 2 dependence of Eq. ͑1͒. For example, the slope of ln͑J͒ vs ln͑V͒ for a TiO 2 junction ͓Fig. 4͑D͔͒ is 11.4 at 25°C and 10.5 at −135°C, for the voltage range where J exceeds 7 mA/ cm 2 . For a FL/ TiO 2 junction, the slope is ϳ26 at 25°C and ϳ12 at −139°C. Since Eq. ͑1͒ predicts a slope of 2 for ln͑J͒ vs ln͑V͒, SCLC is not a sufficient explanation for the observed J / V behavior. In addition, SCLC alone should not exhibit the hysteresis which is clearly evident in the J / V curves at room temperature.
A modification of the basic SCLC mechanism includes "traps," i.e., localized energy states which capture an otherwise mobile electron and prevent it from participating in conduction. 26, 27 Nanocrystalline TiO 2 is known to contain numerous traps, presumably at grain boundaries and other defects.
11,28,29 Lampert 27 provides a detailed description of the effect of traps on SCLC and discusses a "trap-filled limit" which is the voltage where enough electrons have been captured to fill all of the energetically accessible traps. At this voltage, the current increases rapidly from Ohmic behavior ͑ln J vs ln V slope= 1͒ to Child's law behavior, and can result in the large values of d͑ln J͒ /d͑ln V͒ apparent in Fig. 6͑B͒ . Since traps generally involve some nuclear reorganization in response to capture of an electron, they have an activation energy as well as a depth, and exhibit kinetics and temperature dependence. Although several reports estimate the trap depth in nanocrystalline TiO 2 to be 0.5-0.8 eV below the conduction band edge, 29, 30 there is likely to be a fairly wide distribution of trap energies. When traps with finite kinetics are included in the model, we can account for the J / V hysteresis as well as the sharp increase in current at high bias. When the scan rate is fast ͑1000 V / s͒, the traps do not have time to fill, and few injected electrons are trapped. At slow scan rates ͑e.g., 10 V / s͒, the traps equilibrate with the local Fermi level, and the sharp current increase is observed as most of the energetically accessible traps become filled. At intermediate scan rates ͑ϳ100 V / s͒, the traps are filling on a time scale comparable to the scan rate, and hysteresis is observed as detrapping time causes the current to lag the voltage after the scan is reversed.
Many traps in TiO 2 should be accessible in the absence of dc conduction, in junctions with fluorene or Al 2 O 3 layers, or TiO 2 alone. As the Fermi level in the TiO 2 increases near the negatively biased electrode, traps will start to fill regardless of DC current flow. The behavior of Al 2 O 3 / TiO 2 junctions is informative in this case because the only current observed is that associated with parallel plate and space charge capacitance. We attribute the peak in the J / V curve of an Al 2 O 3 / TiO 2 junction in Fig. 3͑B͒ at V = −3 V to the "detrapping" of electrons injected during the positive scan, when Au was negative. Furthermore, we assert that the backstep charge tabulated in Table I and the unusual current decay apparent in Figs. 6͑C͒ and 6͑D͒ arise mostly from trapped charge, not only because the rate of charge decay is too slow to be consistent with the RC time constant of the structure but also because the time dependence of the current response cannot be explained without the introduction of an energetic barrier to impede the normal resistive decay of the space charge.
A model based on SCLC with traps accounts for most of the experimental observations, including the sharp increase in current at the trap filled limit, the hysteresis, and the trends observed in the backstep charge with changes in composition, time, and pulse voltage. However, the slow ͑1 -100 ms͒ rise in current ͓Fig. 5͑A͔͒ and memory effect lasting several minutes ͑Fig. 8͒ are not consistent with a mechanism based solely on SCLC and traps. The voltammetry and pulse experiments indicate that charge injection and trapping occur in a few milliseconds, and the space charge is dissipated in much less than 10 ms after the bias is returned to zero ͑Fig. 6͒. The slow rise in current is strongly temperature dependent, while the submillisecond transients are not. The dc conductance changes and memory effect are strongly dependent on junction composition ͓Fig. 5͑C͔͒, while the transient current and charge vary by only a factor of ϳ2 for FL/ TiO 2 , Al 2 O 3 / TiO 2 , and TiO 2 only junctions. The pronounced differences in time scale and dependence on junction structure require an additional phenomenon to be considered, other than SCLC with traps.
Consider again the pulse responses of Figs. 5͑A͒ and 5͑C͒, and the memory effect shown in Figs. 8 and 9 . For the Al 2 O 3 / TiO 2 junction, only the transient current is observed, since DC current is blocked by the Al 2 O 3 layer. For the TiO 2 junction, electron injection begins from either Au or PPF when the voltage is high enough to overcome the contact barriers shown in Fig. 11͑A͒ , and the traps begin to fill. A steady state is reached in which electrons enter and exit the TiO 2 at the same rate, and the quasi-Fermi-level of the TiO 2 does not undergo a large net change. When the bias is returned to zero, the traps empty, and there is no persistent memory effect. The junction behaves as if it were electronically symmetric, implying that the barriers present at the PPF/ TiO 2 and TiO 2 / Au interfaces are similar, as expected from the approximately equal work functions of PPF and Au. Introduction of the fluorene layer to make a PPF/ FL/ TiO 2 / Au junction makes the junction structurally asymmetric, but unlike Al 2 O 3 , the FL layer does not block DC conduction. During positive bias, the Au/ TiO 2 interface is negative and electrons are injected into the TiO 2 . The space charge builds up, with trapping until tunneling across the fluorene layers equals the rate of electron injection ͓Fig. 11͑B͔͒. The requirement for a relatively high field to tunnel through the fluorene layer has the effect of increasing the TiO 2 Fermi level. We propose that this high Fermi level causes a relatively slow reduction reaction in the TiO 2 to produce a Ti III or Ti II oxide. Alternatively, the rate of oxidation at the positive electrode in a PPF/ TiO 2 / Au junction may equal the rate of reduction at the negative electrode, and this balance may be disturbed by the addition of the FL layer. There are several possibilities for a reduction reaction such as 2TiO 2 
The Kröger-Vink notation specifically identifies conduction band electrons ͑eЈ͒, as well as denoting vacancies ͑V͒ and interstitials ͑subscript I͒. Reaction ͑5͒ was proposed by Knauth and Tuller 32 to explain the increased conductivity of TiO 2 under low partial pressure of O 2 , While reactions ͑2͒-͑5͒ differ with respect to the products of reduction, they all yield mobile electrons in the conduction band. The reactions obviously involve structural rearrangements, and will have associated activation barriers and temperature dependence. After the bias is returned to V = 0, any space charge will dissipate in a few milliseconds, but the Ti 2 O 3 will persist, although the reaction will eventually reverse at a rate controlled by its activation energy.
The major consequence of Ti 2 O 3 generation is its much higher conductivity compared to TiO 2 by approximately ten orders of magnitude. 13, 14, 16 The conduction band electrons associated with Ti 2 O 3 are mobile, and the TiO 2 is effectively "doped" to become a n-type semiconductor. As is apparent from Fig. 2͑A͒ , the fluorene layer can support high current densities in PPF/FL/Cu junctions, so an increase in conduction of the TiO 2 layer will lead to an overall increase in junction conductance. In the case of the PPF/ TiO 2 / Au junction, the reduction process is less pronounced, presumably because the TiO 2 layer cannot become sufficiently negative. Although ET through the TiO 2 is more efficient than through FL/ TiO 2 , the lack of the FL tunneling barrier diminishes the increase in the local Fermi level in the TiO 2 , thus decreasing the driving force for TiO 2 reduction. With the FL absent, the memory effect is weak, implying that TiO 2 reduction is re-quired for persistent conductance changes. Once the high conductance state is produced by TiO 2 reduction, it may be erased by a negative voltage pulse as shown in Figs. 10͑A͒ and 10͑C͒ and schematically in Fig. 11͑C͒ . During the erase pulse, the Au is positive, the quasi-Fermi-level in the TiO 2 decreases, and reactions ͑2͒ and ͑3͒ should reverse, thus reoxidizing Ti 2 O 3 . In effect, the reduction of TiO 2 by the accumulated space charge is a form of "dynamic doping," in which the conductance of the oxide is dramatically increased by a positive bias, through generation of Ti 2 O 3 . The fluorene layer permits the oxide to partially "float" relative to the PPF, so that the quasi-Fermi-level can track the Au potential.
It is well known that various types of "breakdown" can occur in insulators under an imposed electric field, and such effects have been reported for TiO 2 ͑Ref. 33͒ and metal/ molecule junctions containing Ti. 34 Loosely speaking, the redox mechanism described here is a type of breakdown, in that the initially insulating oxide is made conductive by injection of electrons, and the oxide structure is modified. However, the redox modulation of conductance is reversible for at least hundreds of cycles, and may be driven to high and low states depending on bias polarity. Therefore, it differs fundamentally from conventional dielectric breakdown mediated by pinhole formation or local thermal transients. It is not yet known if the conductance paths formed by the redox process are localized, but the proposed mechanism is consistent with homogeneous generation of Ti III sites, with accompanying generation of conduction band electrons.
As discussed in previous reports, 6, 13, 14, 16 the role of ion motion and impurities in the TiO 2 and/or molecular layer is not clear. It is possible that a reduction reaction such as Eqs. ͑2͒ and ͑3͒ could be "balanced" by an image charge in the PPF, effectively stabilizing the space charge with a high electric field. Alternatively, the injected electrons may originate in the molecular layer, as was demonstrated spectroscopically for PPF/ NAB/ TiO 2 / Au junctions. 16 Fluorene has a high redox potential for oxidation to a radical cation ͑Ͼ +2 V͒, so its participation in redox reactions is less likely than NAB. Additional spectroscopic experiments are presently underway to determine the conditions required for TiO 2 reduction by using UV-Vis absorption to monitor the TiO 2 redox state. Whether or not mobile ions are involved, it is reasonable to propose that reactions such as Eq. ͑2͒ or ͑3͒ above may be driven by a high electron density in the TiO 2 layer, in a manner similar to a conventional electrochemical reduction. The current work supports and elaborates previous conclusions that the principal effect of an applied bias on conductance is modulation of the TiO 2 electronic properties. [13] [14] [15] [16] The effects of charge balance, ion motion, and image charges on junction electronic behavior are topics of current investigation.
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